The effects of proton irradiation on carrier dynamics were measured by time-resolved photoluminescence on InGaAs/GaAs quantum dot structures with different dot density and substrate orientation, as well as on InAlAs/AlGaAs quantum dots. Results were compared to irradiation effects on carrier dynamics in thin InGaAs quantum wells. We find that carrier lifetimes in QDs are much less affected by proton irradiation than in quantum wells, which can be attributed to the three-dimensional carrier confinement in quantum dots.
INTRODUCTION
Proton irradiation can induce structural defects and creates carrier-trapping centers in semiconductors. 1 hese defects have been used to an advantage when fabricating semi-insulating layers and ultrafast microwave devices. However, since protons have sufficient mass to cause displacement damage, their effects may be detrimental to the device performance when nonradiative carrier recombination is not desired, as is the case in most optoelectronic device applications.
Studies of steady-state optical properties in proton-irradiated quantum dot (QD) structures showed that the QDs structures and QD based devices are much more resistant to irradiation than bulk semiconductors or quantum wells (QW). These studies showed not only better radiation tolerance, but also an increase in either photoluminescence (PL) intensities [I] or laser performance [3] with low proton or ion fluences.
In the present work we have extended these investigations by studying carrier dynamics in irradiated QD structures. In order to obtain a better understanding of the effects of proton induced displacement damage on QD carrier dynamics, several types of structures were investigated: different materials compositions, surface QD densities, and substrate orientations.
EXPERIMENTAL DETAILS
InGaAs/GaAs (1 00), InAlAs/AlGaAs (1 00) and InGaAs/GaAs (3 1 l)B QDs were grown by metal-organic chemical-vapor deposition in a horizontal reactor cell operating at 76 Torr. Trimethylgallium, trimethylindium, trimethylaluminum (for growth of InAlAs and AlGaAs) and AlGaAs buffer layer at 775 "C and nominal aluminum mole fraction of 0.35 was followed by deposition of 1.5 nm InAlAs with nominal indium mole fraction of 0.55. The QDs were then capped with 100 nm GaAs (AlGaAs) layers, deposited while the temperature was gradually raised to 600 (700) "C. When AlGaAs barriers were used, a final 10 nm GaAs capping layer was deposited to prevent surface oxidation. Atomic force microscopy and transmission electron microscopy were used to give information on island sizes and surface densities in capped and uncapped InGaAs and InAlAs QDs. Proton irradiation was carried out using a Van De Graaff accelerator. Samples were irradiated at room temperature using I .5 MeV protons at five different doses ranging from 1.3 x 10'' to 3 . 5~ 1 013 cmm2, with a dose rate of -6x 1 0l2 protons/sec. Dose uniformity was monitored using radiochromic film at low doses. Table I presents a summary of the different structures used in this study, showing their materials and structural properties (dot sizes, aspect ratios and concentrations) as well as the energy of their PL intensity maximum. It is worth noting that the InGaAs/GaAs (3 1 l)B QDs have similar diameters, but form in slightly higher surface concentrations and have a smaller aspect ratio than InGaAs/GaAs (1 00) QDs. Since the dimensions in the growth direction dominate quantum confinement energies, their corresponding PL emission peaks are at higher energies [5] . High density InGaAs QDs exhibit a blue shift of the PL emission energy with respect to the low density InGaAs QDs. These differences are not seen to correspond to variations in dot sizes or compositions, but rather have been ascribed to progressive strain Carrier dynamics were studied
RESULTS AND DISCUSSION
Time-resolved PL was measured on all structures described in Table I . Figure 1 shows PL transients for the high surface density InGaAs/GaAs (1 00) QD samples irradiated with different proton doses. The variation of PL peak intensities and decay times shown in Figures 2 and 3 are extracted from Figure 1 and single exponential fits of PL decay curves. Figure 2 shows the observed changes in PL intensity as a function of proton dose for all samples. carrier lifetimes in QDs are much less affected by proton irradiation than in the QWs or the wetting layer (WL) in the QD structures. For example, the 80 K carrier lifetimes in ( 3 1 l)B QDs decrease from 2.2 ns for the unirradiated sample to 1.4 ns for the sample with the highest proton dose, compared to a -20-fold and -40-fold decrease for the QW and the WL, respectively. Similar trends are observed for all QD samples. Moreover, similarly as in the steadystate PL measurements [l] , we observe an increase in the QD PL intensity (most prominent in the lowdensity InGaAs (1 00) QDs) with
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intensity at low to moderate radiation doses suggests a more effective carrier transfer from the WL into the QDs after irradiation. This may occur due to an additional channel of carrier trapping from the barriers and the WL into the QDs, namely, trapping from the WL to the QDs via radiation-induced defects [7] . Prior to irradiation, carrier transfer from the WL into the dots is inhibited by potential fluctuations in the WL in the low density QDs [8, 9] . After irradiation, transfer of these carriers may become possible by trapping to defects and subsequent tunneling into the dots. The similarity of deep-level energies in irradiation-induced defects in GaAs (-0.2 eV) [ 101 and in the QDs confining potentials (0.18 -0.28 eV for different levels) Figure 4 . QD PL rise times, which reflect carrier capture from the barriers into the dots, decrease with irradiation. This decrease is mainly attributed to the reduction of carrier 0 dose transport time (due to carrier trapping to defects) in the barriers, from which the carriers are collected into the QDs. The shorter capture times and lower total PL intensities simply reflect the fact that QDs collect only carriers generated closer to the carrier lifetimes are governed not by the radiative recombination but by unintentional impurities or defects incorporated into the sample during growth. This interpretation is supported by the shorter PL decay times reported here and by measurements of the temperature dependence of the PL emission, which gave low values (E, = 88 meV) for the activation energy for quenching of the PL emission for these InAlAs dots [1 11. This is much lower than the QD confining potentials (Ebarrier -E Q~ = 200 meV). The agreement between activation energies for PL quenching and confining potentials is much better in InGaAs QDs and in MBE grown InAlAs QDs, where there is a lower concentration of growth-related impurities.
The remarkably small decrease in PL peak intensities for InAlAs QDs shown in Figure 2 , and the small effect of proton irradiation on their PL decay times shown in Figure 5 demonstrate that when other impurity-related defects are present in QD structures, additional defects introduced by radiation have a very little effect on the PL intensities and QD carrier dynamics, which make these QD structures even more radiation tolerant.
CONCLUSIONS
By means of experimental investigations using time-resolved photoluminescence, we have shown that unlike in QWs, carrier lifetime and dynamics in QDs are not strongly affected by displacement damage defects introduced by 1.5 MeV proton irradiation. This has been proved for irradiation doses up to 3.5 x 1 013 cm-2 on a number of QD structures varying in material, QD surface density and substrate orientation. These findings make QD-based structures attractive candidates for space applications.
